The diagnosis of HCC is usually made in the late stages of the disease, when treatment options are limited and prognosis is poor. We therefore have developed a method of glycoproteomic analysis in an attempt to discover serum markers that can assist in the early detection of HBV-induced liver cancer. Briefly, a comparative method for analysis of oligosaccharides released from serum glycoproteins and for recovery and identification of proteins with aberrant glycosylation, as a function of cancer diagnosis, is described. The model we have used is the woodchuck (Marmota monax), which shares similarities in the glycosylation pattern associated with liver proteins in human HCC. In this report, we show that woodchucks diagnosed with HCC have dramatically higher levels of serumassociated core ␣-1,6-linked fucose, as compared with woodchucks without a diagnosis of HCC. The coupling of this methodology with 2D gel proteomics has permitted the identification of several glycoproteins with altered glycosylation as a function of cancer. One such glycoprotein, Golgi Protein 73 (GP73), was found to be elevated and hyperfucosylated in animals with HCC. Further, the study showed GP73 to be elevated in the serum of people with a diagnosis of HCC, providing a validation of our approach. The potential of this technology for biomarker discovery and the implications of increased levels of GP73 in liver cancer are discussed.
D
espite being fifth in cancer incidence worldwide, hepatocellular carcinoma (HCC) is the third leading cause of cancer death (1, 2) . The high mortality associated with HCC is partly due to unresponsiveness to treatment, with a 5-year survival rate after diagnosis of Ͻ5% (1). As therapeutic options increase, early detection of HCC is important to improving the prognosis (3). Because the major cause of HCC is chronic infection with either hepatitis B virus (HBV) or hepatitis C virus (HCV), high-risk populations can be monitored for biomarkers of disease, as these markers become available. Moreover, the long latency between infection and disease onset in this high-risk population provides an opportunity for early detection well before the onset of advanced disease.
Currently, disease status is most often monitored by physical examination of the patient, ultrasound imaging of the liver, and analysis of serum for a panel of markers (2) . Because there is a correlation between elevated levels of ␣-fetoprotein (AFP) and the occurrence of HCC, determination of AFP levels is often included as a serum marker of disease (4) . However, AFP as a sole indicator of HCC is of limited value, often being elevated in the absence of serious disease and not elevated in as many as 50% of liver cancers (5) . Its value in the detection of HCVassociated HCC is even less clear. Nevertheless, even the limited correlation between AFP and HCC underscores the value of serum as a source of biomarkers of liver disease.
To identify serum biomarkers of HCC, we have developed a targeted glycoproteomic approach. That is, we have used a semiquantitative method to identify alterations in the glycosylation profile of serum derived from those with HCC compared with healthy subjects and to identify the glycoproteins with the altered glycosylation by 2D electrophoresis (2DE)-based proteomics.
The literature reports many biomolecular changes that occur during the development of HCC, including glycosylation (6) (7) (8) (9) (10) (11) . The most notable change in glycosylation is an increase in the level of fucosylation of AFP (12) (13) (14) (15) (16) . Although the molecular mechanism of increased fucosylation in HCC is not clear (17, 18) , it is known that the increase is not restricted to AFP (19, 20) . However, a comprehensive comparative analysis of all of the fucosylated glycoproteins in HCC patients has not been performed. This type of study has been limited because of the absence of a suitable technology to allow the examination of large pools of unknown proteins. With the advent of sensitive glycan analysis and proteomic technologies, the ability to comprehensively identify all of the fucosylated proteins in patients with HCC and to identify those proteins for the development of diagnostic markers is now a possibility.
Woodchucks (Marmota monax) infected with woodchuck hepatitis virus (WHV), a hepadnavirus related to the human HBV, develop HCC (reviewed in ref.
2). Here, we report the results of a study with woodchucks chronically infected with WHV with and without a diagnosis of HCC. The sera of animals diagnosed with cancer were found to posses dramatically higher levels of core ␣-1,6-linked fucose. In addition, this methodology has allowed for the identification of several polypeptides that appear to possess a glycosylation profile that altered as a function of cancer. One such glycoprotein, Golgi Protein (GP73), was found to be elevated and hyperfucosylated in animals with HCC. Further analysis of human serum from different individuals with varying disease states confirmed the specific association of GP73 with the development of HCC. GP73 is a resident Golgi membrane protein that has been reported to be up-regulated, on the basis of immunostaining, in the hepatocytes (but not circulation) of those with liver disease, including hepatitis virus infection (21) . Although its function has yet to be elucidated, its expression profile suggests that GP73 may serve as a biomarker of liver cancer. The potential of coupling glycan profiling to 2DE in the discovery of disease biomarkers in general and of GP73 as a correlate of liver cancer in particular is discussed.
Materials and Methods
Human Subjects. Archived human serum samples from two sources were used for the analysis of GP73. HBV and HCC serum samples were provided by W.T.L. Sera from patients diagnosed with colorectal cancer (CRC) were obtained from Ying-Hsiu Su (Drexel University), through collaboration with the Early Detection Research Network of the National Cancer Institute and Dean Brenner (University of Michigan, Ann Arbor, MI). HBV infection status was based on HBV DNA detection, hepatitis B surface antigen (HBsAg), and HBV ''e'' antigen (HBeAg). Detailed descriptions of the HBV clinical categorization are in ref. 22 . Diagnosis of HCC was confirmed by ultrasound as described in ref. 22 . Diagnosis of CRC was made by biopsy (23) . HBV-, HCV-, and HIV-negative human serum was purchased from Sigma.
Woodchucks and Woodchuck Serum. Experimental laboratory-bred woodchucks were maintained in the College of Veterinary Medicine facilities of Cornell University (Ithaca, NY). Chronic infection with WHV resulted from neonatal infection with WHV strain 7P1 and was confirmed by WHV surface antigen (WHsAg) assay for envelope protein in the serum and by dot blot of serum for WHV-specific DNA (24) . HCC was determined by ultrasound and confirmed by biopsy or autopsy. Serum ␥-glutamyl transferase levels were performed as described in ref. 25 .
Glycan and glycoproteomic analysis was performed on serum from 2-to 3-year-old male and female woodchucks that were either uninfected or chronically infected with WHV. Both the normal and HCC group contained three animals that were 2 years old and two animals that were 2 years old. Infected woodchucks without HCC were all 1 year old (26) . Woodchuck serum samples were provided, coded, by B.C.T. and only decoded after the completion of analysis.
Glycan Analysis. N-linked glycans were removed from total serum with peptide N-glycosidase F and the released glycans fluorescently labeled at their reducing end with 2-aminobenzamide using the Signal Labeling Kit (LudgerClean H, Ludger, Oxford) as described in refs. 21 and 22. Glycans were analyzed subsequently by normal-phase HPLC. Glycan structures were identified by comparison with known standards and by sequential exoglycosidase digestion (21) . HPLC analysis was performed by using the Waters Alliance HPLC System and quantified by using the Millennium Chromatography Manager (Waters).
Lectin Extraction and Analysis. Immunoglobulins (Igs) were removed from the samples (media and serum) by using a Protein A͞G column (Pierce) before the lectin extraction. Samples were resuspended in 20 mM Tris-buffered saline (pH 7.0), 1 mM calcium chloride, 1 mM magnesium chloride, and 1 mM manganese chloride and incubated for 16 h at 4°C with an array of fucose recognizing lectins from Lens culinaris, Pisum sativum, and Vicia faba. The lectin column was washed thoroughly with lectin-binding solution before the bound fraction was eluted by using the appropriate inhibitory monosaccharides (200 mM methyl-␣-D-glucopyranoside͞200 mM ␣-methyl-D-mannopyranoside). The bound and unbound fractions were bufferexchanged into TBS by using Milllipore YM-3 Centricon devices and subjected to glycan analysis or 2DE as described. Protein levels were monitored throughout all extractions.
2DE and Gel Imaging and Analysis. 2DE and analysis were performed as described in ref. 27 . Gels were digitally imaged by using a 16-bit cooled charge-coupled device camera (FluorChem 8000, Alpha Innotech, San Leandro, CA) and analyzed by using the NONLINEAR DYNAMICS PROGENESIS WORKSTATION gel imaging software package (Nonlinear USA, Durham, NC). Polypeptide features were normalized by using the integrated intensity of each feature and expressing it as a percentage of the sum of integrated intensities of the entire gel. Spot identification was performed with mass spectroscopy as described in ref. 22 .
Immunoblot Analysis for GP73. Equal volumes of patient sera (0.5 l per lane) were resolved by SDS͞PAGE on 4-20% polyacrylamide gradient gels, and GP73 was detected as described in ref. 21 . Densitometric analysis of the immunoblots was performed to quantify the amounts of GP73 protein in patient sera relative to the signal present in the Sigma control standard. The signal for the Sigma control was set to a value of 1.0. GP73 specific signals from the 73-kDa species were quantified from x-ray films by using an Alpha Innotech FluorChem charge-coupled device camera with ALPHAEASE spot densitometry software (Alpha Innotech) and expressed as integrated intensity units relative to the GP73 signal detected in Sigma control serum standard. To assess the reproducibility of the assay, all samples were tested in triplicate, and GP73 concentration was calculated as the mean of triplicate determinations for each serum sample. There was Ͻ10% variation in sample-to-sample analysis.
Results

System for the Identification of Altered Glycoproteins in Cancer.
To identify glycan modifications of interest in clinical samples, and the N-linked glycosylated polypeptides that contain these modifications, a system of glycan profiling followed by polypeptide identification was developed. This system is outlined in Fig. 1 . The methods can be applied to any samples but are used in this study for analysis of serum samples from those with and without a diagnosis of HCC. Briefly, polypeptides from a sample are subjected to chemical or enzymatic treatment to release Nglycans (as in Materials and Methods). The N-glycan pools, representing contributions from all glycoproteins present in the sample, are resolved by neutral-phase HPLC. This procedure provides a guide to N-glycan structures of interest, shown as peaks in Fig. 1 A, because each peak corresponds to a specific glycan structure. If a peak appears to be specific to sample sets, such as serum samples from those with liver cancer, affinity chromatography to ''extract'' glycoproteins containing the glycan structures of interest is implemented, as indicated in Fig. 1B . Lectins are the usual affinity reagent used for the extraction of specific glycoproteins. An aliquot of the sample that bound the affinity ligand (called ''bound'') is subjected to chemical or enzymatic methods to release N-glycans, followed by neutralphase chromatography, to confirm that the affinity chromatography successfully recovered the glycan structures of interest (Fig. 1C) . The balance of the sample from the affinity purification of the glycoproteins is resolved by 2DE (Fig. 1C) , and polypeptides of interest are recovered and identified by immunological or biochemical methods. The ''unbound'' sample is the component of the sample that did not bind to the affinity reagent and is resolved in parallel with the bound to permit determination of the efficiency of recovery by the affinity reagent.
Glycan Analysis of Serum Glycoproteins from Woodchucks With and
Without HCC. The approach described above was applied to disease-related samples by using the woodchuck model of HBVinduced HCC. WHV is a HBV-like virus that infects and causes chronic hepatitis infection in woodchucks (24, 25) . Chronic infection of neonatal woodchucks with WHV results in HCC in almost all animals, after a period of years (25) . Thus, the woodchuck has been a very attractive model to study hepadnavirus disease. We reasoned that WHV-induced HCC in woodchucks would be a good place to gain a proof of concept of our system for discovery of HCC biomarkers. Fig. 2 shows the total serum glycoprotein glycan analysis from a representative infected woodchuck without evidence of disease (Fig. 2 A) , an uninfected woodchuck without evidence of disease (Fig. 2B) , and a representative infected woodchuck that had developed HCC (Fig. 2C) . As Fig. 2 shows, the serum from animals without evidence of disease ( Fig. 2 A and B) possessed very little of the core fucosylated ␣-1,6-linked biantennary glycan structure (FcA2G2). This result was true for each of the 31 infected and 5 noninfected woodchucks without disease tested, as summarized in Fig. 2D , where quantification of the FcA2G2 peak for each sample is shown. These data are consistent with previous studies of the glycan profile of the serum of woodchucks without HCC (26, 28) and were independent of the age of the animal (data not shown and Fig. 2F ). In contrast, the animal shown in Fig. 2C that developed HCC had a much greater level of the FcA2G2 structure. Again, this result was true for all five of the animals with HCC that were tested, as shown in Fig.  2D (HCC) , where quantification of the FcA2G2 peak is presented for each sample. Whereas animals without cancer had an average of 2.64% (Ϯ 0.33%) of the FcA2G2 structure, animals with HCC had an average of 8.18% (Ϯ 1.51%) of the FcA2G2 structure. This difference was statistically different with P ϭ 0.0008. Because these woodchucks did not develop cirrhosis (data not shown), the increase in fucosylation appears to be related directly to the development of HCC. This finding is consistent with prior work highlighting the fucosylation of AFP in the woodchuck model of cancer (29) .
Because the woodchucks had been under observation since infection, it was possible to study the amount of FcA2G2 in the circulation as a function of time after infection and up to development of HCC. Fig. 2E shows the amount of FcA2G2 derived from the serum of a single woodchuck (no. 97-13) that developed HCC over a period of 2 years. This animal was born on June 27, 1997, and was experimentally infected with WHV shortly after birth. Glycan analysis over time showed a steady rise in the level of the FcA2G2 structure with levels peaking on September 25, 2000. The animal was killed shortly after the last time point, October 30, 2000, because of the tumor burden. The levels of ␥-glutamyl transferase are indicated in Fig. 2 , and values Ͼ10 units͞liter are indicative of the development of cancer (24) . As Fig. 2E shows, the most dramatic rise in the level of the FcA2G2 structure came after the rise in ␥-glutamyl transferase. It is also noted that examination of serial samples from noninfected animals showed no change in fucosylation as a consequence of time (data not shown).
Identification of Fucosylated Glycoproteins in Woodchucks with Can-
cer. Because it was observed that the sera of HCC woodchucks contained glycoproteins with an increased amount of fucosylation, it was of interest to determine the identity of specific glycoproteins containing fucosylation. Glycoproteins containing fucose were extracted from Ig-depleted serum samples with the lectins L. culinaris, P. sativum, and V. faba, which recognize core fucosylated glycoproteins (22) . In contrast to human Igs, woodchuck Igs are not fucosylated. Nevertheless, all serum was depleted of Igs to establish a protocol that could be used for analysis of non-Ig associated fucosylated glycan from either animal or human serum. Fig. 3A shows the serum 2DE profile from a representative woodchuck with HCC (no. 5919 from Fig.  2) after removal of the Igs by using a protein A͞G column. Fig.  3B shows the 2DE profile from both the unbound and bound fractions from same woodchuck after lectin extraction. As Fig.  3 shows, there are many glycoproteins that are fucosylated in the serum of woodchucks that have cancer. The efficiency of extraction was measured by glycosylation analysis of the bound and unbound fraction (Fig. 3C) and was determined to be Ͼ95%.
A comparative analysis of the fucosylated proteome from a representative non-HCC woodchuck (no. 3533 in Fig. 2 ) and a HCC-positive woodchuck (no. 5919 in Fig. 2 ) is shown in Fig. 4 . As Fig. 4 A and B shows, consistent with the glycan analysis in Fig. 2 , a larger number of proteins appear to be fucosylated in the HCC sample as compared with the non-HCC sample. Although features of interest can be seen throughout the gel, specific areas of interest are shown in the circled areas.
Identification of woodchuck proteins is difficult because of the limited information about the woodchuck proteome and genome. However we have identified several proteins of interest by de novo sequencing and immunoblot. For example, we have determined by immunoblot, using rat-specific antibodies, that ␣-1-acid glycoprotein, AFP, ␣-1-antitrypsin, and ␣-1-antichymotrypsin are hyperfucosylated in woodchucks that have cancer (circled areas). Hyperfucosylation (in cancer vs. noncancer samples) of these polypeptides was somewhat expected, based on reports in the literature that used human samples (20) .
However, one of the fucosylated glycoproteins observed to be up-regulated in HCC-positive woodchucks was not expected. It had amino acid sequence homology to a human glycoprotein, GP73, along with a similar molecular weight and pI (21) . Because GP73 is a resident Golgi protein that had been reported previously to be associated with HBV-and HCV-infected hepatocytes (30), our interest was heightened. Immunoblot analysis with hyperimmune serum specific for human GP73 on the fucosylate fraction confirmed the initial finding, and the results are shown in Fig. 4 C and D. As Fig. 4 C and D shows, the amount of reactive GP73 species is increased dramatically in animals that have HCC.
GP73 Is Elevated in the Sera of People with HCC. Because GP73 appeared to be both up-regulated and hyperfucosylated in the serum of animals with cancer, it warranted further examination in the human disease. Therefore, serum from age-and sex-matched (all male) people with either no evidence of liver disease (HBV-negative) or evidence of chronic HBV infection, with and without a diagnosis of HCC, was resolved by 1D gel electrophoresis, and the amount of GP73 present was determined by Western blot, as described in Materials and Methods.
As Fig. 5 shows, only low levels of GP73 were detected in the total serum of healthy subjects (Group a), as well as HBVinfected individuals without (Group b) and with (Group c) active hepatitis. However, consistent with the results obtained in the woodchuck model, the majority of patients with HBV-induced HCC had elevated levels of GP73 (Group d) compared with the healthy subjects (Group a). Fig. 5B shows quantification of the data presented in Fig. 5A , with additional data derived from an analysis of the sera from patients with CRC. As these data show, whereas patients with CRC have GP73 levels close to healthy subjects, patients with HBV-induced HCC have a Ͼ30-fold increase in the level of GP73. Statistical analysis shows a significant difference between the HCC group and all other groups, with P Ͻ 0.001.
Although compared with ''healthy'' subjects and those with CRC, the majority of HCC patients do generally have the greatest amounts of GP73, there was one HCC-derived sample (no. 32, Fig. 5A ) where the amount of GP73 was not significantly different from the non-HCC-derived samples. Because GP73 from woodchucks with HCC appeared to be hyperfucosylated, it was reasoned that GP73 in the serum of patients with HCC but nearly ''normal'' GP73 levels might be hyperfucosylated relative to individuals without HCC. This hypothesis was confirmed by the examination of serum from a HCC-positive patient with nearly normal levels of GP73, either by total serum analysis for GP73 (Fig. 5C ) or by analysis of only the fucosylated fraction (Fig. 5D ). As this figure shows, compared with analysis of ''total GP73'' levels, restricting examination to only the fucosylated fraction may provide an even better resource for the correlation between GP73 and HCC and further increase the specificity of this marker. It is noted that elevated fucosylation has been seen in all (n ϭ 10) HCC-derived GP73 samples examined to date (A.S.M., M.A.C., and P.R.R., unpublished data). Although this is a small number, the results are consistent and highlight the potential of this methodology and marker.
Discussion
Changes in N-linked glycosylation have long been associated with the development of disease (12, 18, 20, 31, 32) . However, in many situations, truly quantitative methods for analysis have not been used to assess these changes. In this study, we have used a rapid, highly sensitive, and quantitative method of glycan sequencing to identify specific changes that occur with the development of liver cancer. Once specific changes in glycosylation were identified, the specific glycoproteins were identified by using semiquantitative 2DE and immunoblotting. Indeed, as Fig. 2 shows, in a blinded study, glycan analysis can be used to identify animals that have developed cancer based on the level of core fucosylation of total serum glycoproteins. The mechanisms responsible for the increase in fucosylation seen with the development of HCC are unknown, but they may involve an increase in both enzymes (i.e., fucosyltransferase) and substrates (i.e., GDP-L-fucose) and alterations in the substructure of the Golgi apparatus (33, 34) . It is also possible that the half-life of the serum associated fucosylated glycoproteins is longer and, hence, this finding could be reflected in our glycan analysis. However, several reports have indicated that core fucosylation has no impact on serum clearance rates (35, 36) .
It is noted that in addition to the data presented here, glycan sequencing has been used previously to monitor drug efficacy (26, 28) and to identify specific enzyme defects in patients with congenital disorders of glycosylation (37) . Thus, if truly quantitative methods of glycan identification can be automated, it may have significant clinical value. A recent report has indicated that fucosylation of serum Igs also may change with disease (38) .
The targeted glycoproteomic methodology presented here enabled the discovery of the woodchuck homologue of GP73 in the circulation of woodchucks with HCC. The elevation of GP73 was not restricted to animals with HCC, because it was clearly increased in abundance in seven of eight people chronically infected with HBV and a diagnosis of HCC. Elevation of GP73 thus was not a function of species, because it was elevated in both people and animals with a diagnosis of HCC. Chronic infection with HBV was not, in itself, sufficient to be associated with elevated GP73, because GP73 was not elevated (compared with ''uninfected,'' age-and sex-matched control samples) in people with HBV infection in the absence of HCC. This finding is somewhat surprising because elevation of GP73 has been detected in liver tissue from HCV-and HBV-infected individuals, in the absence of a diagnosis of HCC (21) . The secretion of a Golgi resident glycoprotein such as GP73 and the alteration in glycosylation (that occurs in the Golgi) may indicate a larger dysfunction of the Golgi apparatus during HCC.
The correlation between serum GP73 levels and a diagnosis of HCC in people has recently been confirmed in a blinded study with Ͼ240 samples through collaboration with the Early Detection Research Network of the National Cancer Institute (41) . Total GP73 levels, as determined by Western blots, were shown to have a positive predicative value equal to or greater than the currently used marker, AFP. This finding further validates the methods described in the present study as useful in the identification of possible biomarkers of disease.
In addition to identifying the correlation between serum GP73 and liver cancer, this technique also has identified the hyperfucosylation of AFP, ␣-1-acid glycoprotein, ␣-1-antitrypsin, and transferrin as a function of liver cancer. These glycoproteins previously have been reported to be hyperfucosylated in human liver cancer (20, 39, 40) , and in many ways the detection of these glycoproteins by our system is a validation of our approach.
In conclusion, the results reported here demonstrate the discovery value of a targeted glycoproteomic methodology. Further studies, with larger cohorts, are needed to determine the true usefulness of an assay for fucosylated and unfucosylated GP73 in cancer detection.
